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INVESTIGATION OF THE CALORIMETRIC EFFICIENCY
OF A SPLIT-RIB UMBRELLA-TYPE PARABOILOIDAL
SOLAR ENERGY CONCENTRATOR

By John D. Camp and William D. Nowlin

SUMMARY

An investigation of the calorimetric efficiency of a 10-foot-diameter split-
rib umbrella-type paraboloidal solar energy concentrator was performed. The
method of fabricating this concentrator from a previously existing 60-rib
umbrella-type concentrator is discussed. The split-rib configuration is illus-
trated and some aspects of the design and construction of the spherical-type
calorimeters are discussed.

Calorimetric tests were performed, employing three spherical calorimeters
with 3-inch, 6.25-inch, and 12-inch diameters. The variation in the geometrical
efficiency with the diameter ratio is shown and comparison with the previously
tested 60-rib concentrator is made. Maximum geometrical efficiencies obtained
were 100, 81, and 40 percent with the 12-inch-, 6.25-inch-, and 3-inch-diameter
calorimeters, respectively. The experimentally obtained efficiencies are com-
pared with theoretical wvalues.

This investigation has demonstrated that attempts to improve the efficiency
of an umbrella-type concentrator by increasing the number of ribs without signifi-
cantly decreasing the stress-geometry parameter result in improvements which are
small in comparison to what could be effected by reducing the stress-geometry
parameter.

INTRODUCTION

Solar energy concentrators employing reflective surfaces with a paraboloidal
geometry have been investigated by a number of research organizations active in
the area of auxiliary space power systems (ref. 1). Such concentrators are
designed to intercept and concentrate the solar electromagnetic radiation avail-
able in space and to provide the necessary temperatures and heat inputs to oper-
ate conversion apparatus such as turbogenerators and thermoelectric and thermionic
converters. Variations in the methods of fabricating concentrators and the choice
of basic structural materials are due primarily to the influence of such factors
as the required power output, type of energy-conversion components, weight and
payload packaging restrictions, and the desired concentrator efficiency.
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The basic structural elements of a solar concentrator are the reflector face,
the reflective surface coating, and the backing structure. The reflective surface
coating is applied to the front surface or face of the concentrator in order to
obtain a high specular reflectance. The reflector face is generally made of a
thin rigid or pliable skin of metal or plastic which is mounted on or attached to
the backing structure. The concentrator is fabricated in such a manner that the
reflector-face material or the backing structure, or both, may act as the shape-
determining structural elements to achieve the desired configuration. The types
of concentrators under development differ as to their relative structural rigid-
ity and the methods of deployment and maintenance of the parabocloidal shape. 1In
general, they may be grouped into four categories designated as rigid, nonrigid,
semirigid, and rigidized (ref. 2).

The rigid type of concentrator may be of single-unit construction or may con-
sist of segmented panels which may be furlable for packaging and deployment. In
either case, the reflector structural elements cannot be bent or folded without
damage to the concentrator. The nonrigid, semirigid, and rigidized types are
similar in that all employ a thin pliable film as a reflector face, but differ
in the manner in which the film is supported. Essentially, the nonrigid type has
no backing structure other than the reflector film itself, and it employs a uni-
form force field such as gas pressure or centrifugal force to stress the skin to
the paraboloidal configuration. The rigidized type is deployed in the same menner
as the nonrigid concentrator and a rigid backing structure is formed after the
deployment in space by using plastic foam or some other hardening agent. 1In the
semirigid type of structure, the reflector face or skin material is supported at
discrete lines or points by relatively rigid backing elements.

There are various problems associated with each of the above types of con-
centrators. Investigations thus far seem to indicate that only the rigid type of
structure is capable of the high degree of geometrical accuracy required for such
high-temperature applications as thermionic systems. However, it is possible
that with further development and a more careful design, a nonrigid, semirigid,
or rigidized type of concentrator can be constructed that will be suitable for a
high-temperature system. The advantages of these types are that they are gener-
ally lighter, can be folded and packaged in a smaller voclume, and can therefore
be made larger than the rigid type. At the present state of development tThey are
suitable for the lower temperatures as required by the thermoelectric~ and
turbogenerator-type conversion systems.

Research in the solar concentrator area has been conducted at the Langley
Research Center along the lines of the semirigid concept, employing a simple
umbrella type of construction. The results of an investigation of a 60-rib
mechanically erectable umbrella-type concentrator employing tapered aluminum
ribs with an aluminized Mylar reflective surface have been reported in refer-
ence 3. In this type of structure the reflective membrane is attached to the
ribs so as to exert the necessary bending moments to pull the ribs into a para-
bolic shape. The tension in the membrane is sufficient to remove the wrinkles
and to form smooth flat reflecting segments between the ribs. It is apparent
that there are inherent geometric errors in such a concentrator due to the flat
segments between the ribs. The desired paraboloidal geometry can be more closely
approached by increasing the number of ribs and hence reducing the width of these
flat segments as much as possible. The results of the tests performed on the
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60-rib concentrator indicated that it would be desirable to improve the surface
geometry by increasing the number of ribs. A modification in the construction of
the 60-rib concentrator was performed by splitting each rib in half from the tip
of the rib down to a point chosen so that in the erected position the number of
ribs was effectively doubled over approximately 80 percent of the projected fron-
tal area of the concentrator. Calorimetric tests were performed on the split-rib
concentrator and data are presented and compared herein with the performance of
the previous model.

SYMBOLS
A area, sq ft
Cy specific heat, Btu/1b-°R
d calorimeter digmeter, ft
D concentrator diameter, ft
K stress-geometry parameter
W mass flow rate, 1b/hr
Q heat flux, Btu/hr
Qg total energy available from sun, AcQ;, Btu/hr
T temperature, °R
a absorptance
Y reflectance
€ emittance
n efficiency
o stress, 1b/sq in.
Subscripts:
b calorimeter
e concentrator
g geometrical
i incident
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s meridional direction
s' circumferential direction
u usable

s
1 in

.
2 out

DESCRIPTION OF TEST CONCENTRATOR

The test concentrator was a modified 60-rib umbrella-type paraboloidal solar
concentrator. The ribs of the previously tested 60-rib concentrator were split
S0 that each rib effectively became two ribs from a radius of 26.4 inches from
the optical axis out to the periphery of the concentrator. A new reflector sur-
face of l/e—mil Mylar with approximately 2,000 angstroms of vapor-deposited alu-
minum was laid on a plastic parabolic mold. The ribs were then bonded to the
back side of the reflector surface, with the ribs being parted as shown in the
sketch in figure 1. The split section of the ribs was spread to form a smooth
curve until the ends were sbout 4 inches apart. This was done to keep the folded
concentrator from having any abrupt bends which could be bent out of shape in the
packaged condition. The actual shape of the rib configuration can be seen in the
photographs shown as figures 2 and 3.

As was mentioned previously, the width of the flat segments is quite impor-
tant since a beam of light reflected from such a segment will have a width equal
to the width of the flat. It is therefore necessary to have a heat receiver or
calorimeter which is no smaller than the maximum flat width if it is to be capa-
ble of intercepting all the radiation reflected from the concentrator.

The variation in the width of the flats with the distance from the optical
axis of the concentrator is shown in figure L. The dashed portion of the curve
near the origin is due to the fact that the rib housing extends to a radius of
6.25 inches. As can be seen from the figure, the flat width for the split-rib
concentrator follows that of the 60-rib concentrator to a radius of 26.4 inches.
At this radius the ribs of the 60-rib concentrator, whose variation in flat width
is represented by the dashed curve in figure 4, were split forming two flat-width
portions which varied as shown by the solid curves in figure i, The flat width
on one of the portions increased from approximately 2.75 inches at a radius of
26.4 inches to a maximum of 3.5 inches at a radius of 43 inches and then decreased .
to 2.3 inches at the concentrator rim while the other flat portion increased from
0.0 inch at a radius of 26.4 inches to a maximum width of 4.0 inches at the con-
centrator rim. N

The concentrator folds much the same as a common umbrella with the ribs
folding forward to form a slightly tapered tube 6 feet long and 12% inches in
diameter where the ribs join the hub. The concentrator is shown in the folded
position in figure 5. Details of the erection mechanism are given in reference 3.
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APPARATUS AND TEST PROCEDURE

The calorimetric efficiency tests of the 10-foot-diameter split-rib concen-
trator were conducted in a closed shed which was constructed for the purpose of
testing in the presence of the actual sun and which provides protection from
winds which would adversely affect the test results obtained for lightweight
flexible structures. (See ref. 3 for photographs and detailed description.)

All the calorimetric efficiency tests which were performed were cold calo-
rimeter tests employing spherical calorimeters which operate with a wall tempera-
ture slightly above the temperature of the surrounding air so that the effects of
reradiation and convection can be ignored. The concentrator was mounted on an
equatori-.. mounting with an electric clock drive for maintaining alinement with
the sun. The alinement is originally set by observing the sun through an elbow
telescope mounted parallel to the theoretical optical axis of the concentrator
near the hub and is continually monitored during the tests. The calorimeter is
a hollow sphere mounted on the end of two concentric tubes, and the tubes pass
through the concentrator at the hub. A cross-sectional drswing of the 6.25-inch-
diameter calorimeter is shown in figure 6. The hemispherical wedge inside the
spherical calorimeter is used to channel the calorimetric fluid along the inside
of the calorimeter wall. TFigure 7 is a photograph of the cutaway sections of the
6.25-inch-diameter calorimeter and shows the internal construction. Water is
pumped through the outside tube, forced against the inner surface of the sphere,
and flows out through the inner tube. The rise in temperature of the water is
measured by a system of differential thermocouples mounted in the inlet and out-
let tubes.

The experimental setup for determining the calorimetric efficiency is illus-
trated schematically in figure 8. The amount of incident solar energy is deter-
mined by use of a normal incidence pyrheliometer mounted on the longitudinal axis
of the mount. The mass flow rate of the water is measured with a turbine flow
meter located in the inlet water line. The flow rate, differential temperature,
and amount of incident solar energy are used to determine the overall efficiency
of the collector by use of the following relation:

_ cvwﬁm
Ly

The differential temperature AT 1s kept low so that convection and radia-
tion losses can be ignored, and the inlet water temperature is kept at the same
temperature as the surrounding air or slightly lower. The geometrical efficiency
of the concentrator can be obtained by dividing the overall efficiency by the
solar reflectance of the reflector surface and the solar absorptance of the calo-
rimeter. The geometrical efficiency can be expressed as

no= N
8 7o

A solar-reflectance value of 0.83 for the concentrstor surface, used for effici-
ency calculations, was obtained from reference 3.
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Tests were conducted by using three calorimeters having diameters of
3 inches, 6.25 inches, and 12 inches. Each calorimeter was positioned at various
points along the optical axis to determine an experimental focal point.

RESULTS AND DISCUSSION -

The theoretical focal length of the split-rib concentrator is 30 inches. H
However, because of geometrical imperfections in the actual concentrator surface
and the spherical type of calorimeters which were used, an effective focal point
along the optical axis at which the geometrical efficiency is a maximum must be
determined experimentally for each calorimeter. The point referred to is the
measured distance along the optical axis from the vertex of the paraboloid to the
center of the spherical calorimeter. The effective focal point for each calorim-
eter is therefore determined by moving the calorimeter along the optical axis and
determining the efficiency at various points until a point of maximum efficiency
is located.

The graph in figure 9 illustrates the variation in geometrical efficiency as
the calorimeter is moved along the optical axis. The maximum geometrical effi-
ciences obtained were 40, 81, and 100 percent with the 3-inch-, 6.25-inch-, and
l2-inch-diameter calorimeters, respectively. It can also be seen from figure 9
that the maximum geometrical efficiency is obtained over a small distance interval
along the optical axis rather than at a single point. The maximum efficiency
with the l12-inch-diameter calorimeter apparently occurred when the calorimeter
was forward of the focal point as determined by the other two calorimeters. This
was due to an error in the construction of the calorimeter and is explained in
reference 3.

Perhaps it should be emphasized here that the geometrical efficiency as 1t
bas been defined and used herein depends upon the geometry and design of both the
concentrating mirror and the calorimeter. Then a geometrical efficiency of
100 percent does not imply that the concentrator itself is geometrically perfect,
but it indicates that with the particular concentrator-calorimeter system the
maximum amount of intercepted solar energy is being collected, taking into account
losses due to the reflectance of the concentrator and absorptance of the
calorimeter.

A good measure of the accuracy of the surface geometry of the concentrator
is its abllity to concentrate the reflected solar radiation within a small region
in the focal plane. This is indicated in figure 10 by a semilog graph of the
variation in geometrical efficiency with the diameter ratio (the square of the
ratio of the collector diameter to the calorimeter diameter). The plotted points .
represent the diameter ratios for the three different calorimeters which were
employed. Figure 10 shows the noticeable improvement of the split-rib concentra-
tor over the previously tested 60-rib model, but the geometrical efficiency still s
tends to decrease rapidly as the diameter ratio is increased.

A curve showing the theoretical geometrical efficiencies which should be
attained with the split-rib concentrator for various size calorimeters is shown
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in figure 11 along with the experimentally obtained curve. The theoretical
values were obtained by assuming that the reflecting surfaces between ribs were
perfectly flat segments and that the spherical calorimeter would intercept all
radiation reflected from those areas of the concentrator where the flat width was
less than or equal to the diameter of the calorimeter and would fail to intercept
a calculated fraction of the radiation reflected from those areas when the flat
width exceeded the diameter of the calorimeter. These areas were determined by
graphical integration using a projected view similar to figure 1. It can be seen
from the theoretical curve that the geometrical efficiency should increase with
increasing calorimeter diameter until a geometrical efficiency of 100 percent is
reached at a calorimeter diameter of &4 inches, which is also the maximum flat
width of the split-rib concentrator. (See fig. 4.) The experimental curve shows
that the actual concentrator does not reach a geometrical efficiency of 100 per-
cent until the calorimeter diameter is about 12 inches.

The large spread between the theoretical and experimental values indicates
that the reflecting surfaces between the ribs of the concentrator deviate from
perfect flatness to such an extent that the performance of the concentrator is
considerably degraded. The effects of distortions in the concentrator surface on
the efficiencies of umbrella-type solar concentrators have been previously inves-
tigated both experimentally and theoretically and the results are reported in
reference 4. It was concluded therein that the meridional tensions which are
introduced when applying the reflecting membrane to the ribs for the purpose of
eliminating wrinkles that develop transverse to the ribs, cause a distortion
toward the axis of symmetry of the approximate paraboloid. This inward "bowing
effect" on the reflecting surfaces between the ribs causes a dispersion of light
rays In the theoretical focal plane of the concentrator with a resulting loss in
concentrating ability.

The distortions in the concentrator surface and the consequent degradation
in the geometrical efficiency can be related to a stress-geometry parameter which
is dependent upon the ratio of the maximum stress in the meridional direction to
the stress in the circumferential direction. It is also dependent upon the geom-
etry of the umbrella concentrator or, more specifically, upon the ratio of the
radius to the focal length. For the concentrator having a 90o rim angle (the
angle subtended by the radius of the concentrator rim as seen from the focal
point), the stress-geometry parameter can be shown to be (see ref. 4)

[+
K = 0.55 —2252%
S

where K 1is the stress parameter, og .. 1is the maximum stress which occurs in
2

the reflecting membrane in the meridional direction, and o' 1is the stress in
the membrane in the circumferential direction.

The variation of the geometrical efficiency with the diameter of the spher-
ical calorimeter for various values of the stress-geometry parameter K is shown
in figure 12. These curves are for a 60-rib concentrator with a 90° rim angle
and are taken from data in reference 4. It can be seen from this figure that
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with K =0 a geometrical efficiency of 100 percent is obtained with a calorim-
eter diameter of about 6.28 inches, which is also the maximum flat width for a
60-rib 1l0-foot-diameter concentrator. As the stress-geometry parameter is
increased, distortion of the surface takes place and it is evident from the
curves with K =2 and K =4 +that for any fixed calorimeter size the geometri-
cal efficiency decreases considerably with increasing stress parameter.

The experimentally obtained curve showing the variation of the geometrical
efficiency of the 60-rib concentrator with the calorimeter diameter is included
on the graph of figure 12 for comparison with the theoretical curves of different
values of K. The experimental curve for the 60-rib model indicates that the
stress-geometry parameter for this concentrator lies somewhere between K =2 and
K = 4. The experimental curve for the split-rib model is also included in this
figure for the purpose of showing that the improvement achieved by splitiing the
ribs was actually small in comparison with what could be attained with the 60-rib
model if some method of reducing the stress-geometry parameter alone were possible
without splitting the ribs.

A method of illustrating the temperature capabilities of a solar concentrator
is to show the variation with temperature of the ratio of the energy removed from
the calorimeter or heat receiver to the total energy available from the sun
Qu/Ach for various diameter ratios. This is shown in figure 13 for both the

60-rib and the split-rib concentrators. Again there is a noticeable improvement
of the split-rib concentrator over the 60-rib model, but the limitations on the
obtainable temperatures are still quite evident. At the higher temperatures the
percentage of the available energy which can be extracted from the system is
quite low.

A similar plot is shown in figure 14 where the three curves plotted are for
the 3~inch-diameter calorimeter. This allows a comparison of the experimentally
obtained curves for the 60-rib and split-rib concentrators and the theoretical
curve for the split-rib concentrator at a fixed diameter ratio. For the theoret~
ical curve, a geometrical efficiency of 0.96 is assumed for a 3-inch calorimeter
as opposed to the experimental value of 0.407 (see fig. 11). As explained pre~
viously, the theoretical curves are based on the assumption of perfect flats
corresponding to the stress-geometry-parameter value approaching zero.

CONCLUDING REMARKS

Calorimetric tests of the split-rib umbrella~type concentrator showed some
degree of improvement over the 60-rib model. However, comparison of the experi-
mental geometrical efficiencies with theoretical values and correlation with the
results of data reported in NASA TN D-925 indicate that distortions of the con-
centrator surface due to an improper value of the stress-geometry parameter are
present and result in losses in efficiency. This investigation has demonstrated
that attempts to improve the efficlency of an umbrella-~type concentrator by
increasing the number of ribs without significantly decreasing the stress-
geometry parameter result in improvements which are small in comparison to what
could be effected by reducing the stress-geometry parameter. Problems related
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to reducing the stress-geometry parameter do not appear incapable of solution.
Significant improvements will be effected if future design work is directed
toward an optimization of both the number of ribs and the stress-geometry
parameters.

Langley Research Center,
National Aeronautics and Space Administration,
Laengley Station, Hampton, Va., October 23, 1963.
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Figure l.~ Sketch showing rib layout for split-rib concentrator.
A1l dimensions are in inches.
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Figure 2.- 1l0~foot-diameter split-rib solar energy concentrator.
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Figure 5.- l0-foot-diameter split-rib concentrator in folded position.
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Figure 6.- Design for 6.25-inch-diameter calorimeter. All dimensions are in inches.
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Figure 7.- Cutaway sectlons of 6.25-inch-diameter spherical calorimeter.
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Figure 8.- Schematic dlagram of test setup for determination of calorimetric efficiency.
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